Abstract -Thinning the active layer's thickness of the semiconductor down to a level comparable with the carriers' diffusion length while keeping its absorption high is an ultimate goal to boost the performance of optoelectronic devices. Strong interference in multilayer structures is one of the promising and practical solutions owing to their simple and large-scale compatible fabrication route. These nanocavity designs not only provide near unity absorption, but they can also be designed in a way that a spectrally selective absorption response can be achieved. In this letter, we will demonstrate the functionality of a metalinsulator-semiconductor (MIS) cavity to obtain spectrally selective ultrathin photodetectors. To prove our theoretical and numerical findings, a 4-nm-thick amorphous silicon (aSi)-based MIS cavity is designed, fabricated, and characterized. The experimental results show that the optimized cavity design can act as an efficient visible blind ultraviolet (UV) photodetector. The proposed design shows the responsivity values of 120 and 2.5 mA/W in the UV (λ = 350 nm) and visible (λ = 500 nm) regions, respectively.
I. INTRODUCTION

P
ERFECT light absorbers (PLAs) have been the subject of intensive studies in recent years. Owing to their relatively large extinction coefficient in the broad range of the electromagnetic (EM) spectrum, the commonly utilized material in these PLAs are sub-wavelength metal nanostructures. The use of plasmonic nanopatterns in single or multilayer cavity structures have been the main strategy for the design of PLAs [1] - [6] . However, electron beam lithography (EBL) is involved in the fabrication of these subwavelength nano units which further limits their upscaling for practical applications. Therefore, it is highly desired to design a planar multilayer based PLA architecture that can retain the impedance matching condition in the intended wavelength regime. Recently, many EBL-free metal based PLA designs have been proposed for this purpose [7] - [14] .
These PLAs can also be realized in planar semiconductor based metasurfaces and they can go beyond the Yablonovitch limit [15] - [21] . These metal-semiconductor (MS) designs could be of particular interest in the vast variety of optoelectronic applications. In a recent Perspective [22] , we showed that strong light absorption can be realized using lithography-free planar semiconductor based metamaterials, in a broad or narrow frequency range, upon the proper choice of material and configuration. Our theoretical findings reveal that the use of a metal-insulator-semiconductor (MIS) configuration (instead of MS design) adds a new degree of freedom to improve the design response. By tuning the spacer layer thickness, it is possible to tune the operation wavelength [23] and bandwidth (BW) of the design [24] . Therefore, PLA can be acquired in dimensions much smaller than the carriers' diffusion length. Considering the fact that semiconductors in such thin thicknesses are amorphous and have a short diffusion length [25] , the total absorption of light in nanometer scale dimensions can significantly increase the carriers' collection efficiency. Therefore, the concept of photodetectors with cavity enhancement have been the subject of several studies [23] , [26] - [28] .
In this letter, a spectrally selective visible blind ultraviolet (UV) photodetector is fabricated using a 4 nm thick a-Si layer in an MIS architecture. The proposed cavity design is designed in a way that the ultrathin semiconductor layer undergoes a strong light-matter interaction in the UV range while it is transparent into the incident visible light. The resonant mode in the cavity is adjusted with both spacer and top layer thicknesses to optimize the detector UV response. The optimized design has above 70 percent absorption in UV and only 2 percent in the visible range. This leads to an approx. two orders of magnitude difference in the photoresponsivity of the design between these two spectral regions. The design shows responsivity values of 120 mA/W and 2.5 mA/W in the UV (λ = 350 nm) and visible (λ = 500 nm) regions, respectively.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. It is envisioned that the use of other semiconductors in proper cavity geometries could lead to spectrally selective photodetectors.
II. RESULTS AND DISCUSSION
To begin with, a theoretical method based on the transfer matrix method (TMM) is adopted to find the ideal permittivity data for light perfect absorption in a MIS configuration [22] , as depicted in Fig. 1(a) . In this model, the bottom layer is thick aluminium (Al) mirror, the spacer is aluminum oxide (Al 2 O 3 ) with a thickness of D I . The top ideal material has been extracted for a D S thick layer. The reflection contour plots at different wavelengths have been extracted for two different D M thicknesses of 3 nm, and 10 nm, as shown in Fig. 1(b) -(c). As these contour plots show, the reflection near zero regions (the bluish circles) are much wider for the thinner top layer. Thus, the probability that a semiconductor permittivity locates inside the ideal perfect absorption region is higher for thinner top layers. Therefore, the D S is fixed at 3 nm and this time the impact of D I is investigated. For this aim, the tolerable real (ε real ) and imaginary (ε imaginary ) parts of permittivity for a reflection below 0.2 (corresponding to an absorption above 0.8) is extracted for D I = 60 nm, 120 nm, and 180 nm, as shown in Fig. 1(d)-(f) . In other words, the highlighted region shows the borders of blue circles for ε real and ε imaginary where the reflection is below 0.2. These ideal regions are compared with the permittivity data for Si and Germanium (Ge). For the case of Si, the matching of ε imaginary is only met for the shorter wavelengths while the real part matching is tuned as we change the D I . At the specific dimension of D I = 120nm, we have matching in both parts. However, for Ge, the imaginary part matching is obtained in the whole range and the matching of real part experiences a red shift as we go to thicker spacer layers (see Fig. 1(e)-(f) ). Therefore, while Si acts as an UV absorber, Ge can reveal spectrally selective visible perfect absorption by tuning the D I , which is in line with previous studies [23] .
Taking this theoretical estimations into account, numerical simulations, using a commercial finite-difference timedomain (FDTD) software package [29] , are further employed to investigate the absorption capability of the MIS design. Based on our theoretical calculations, we will focus on the design of a silicon metasurface based visible blind UV photodetector. To further optimize our MIS design, we need to find the amount of the absorbed power inside the ultrathin Si coating to maximize the UV absorption while minimizing the visible response. For this, following formula is employed:
where E is the electric field inside the Si layer. For this purpose, three D S values of 1 nm, 4 nm, and 10 nm are selected. To have a better qualitative comparison, the average UV (300 nm-400 nm) and visible (400 nm-500 nm) light absorptions have been calculated and exhibited in Fig. 2(d) . The 1 nm thick case has quite negligible visible absorption while the UV absorption is high. The UV response becomes stronger while the visible light absorption is still quite small for 4 nm thick Si layer. This behavior is diminished in the case of 10 nm thick top layer. Looking at the average absorption values, it can be understood that the optimized response belongs to D S = 4 nm, D I = 120 nm where UV absorption is above 0.7 while it is just 0.02 for visible light. In order to numerically analyze the electrical response of the detector, COMSOL Multiphysics finite element method solver is utilized. For the optimal design and mentioned geometries in Fig. 2(e) , the photocurrent response of the cavity in the UV region is about two order of magnitude higher compared to that of visible light, see Fig. 2(f) . Inset shows data in the logarithmic scale. This response could be further explained by looking at the absorption profile of the MIS design in two different wavelengths of 370 nm and 500 nm, as plotted in Fig. 2(g) . While for the UV excitation (370 nm), most of the light is harvested in the ultrathin Si layer, this layer is transparent to visible incident light. Therefore, the formation of a symmetric metalsemiconductor-metal (MSM) junction (Au-Si-Au) at the top surface led to the formation of a visible blind UV detector. The band alignment and operation principle of this photodetector is illustrated in Fig. 2(h) .
To verify our numerical results, the proposed optimal structure is fabricated and characterized. The structure is an MIS cavity made of Al (100 nm)-Al 2 O 3 (120 nm)-Si (4 nm). Afterward, inter-digitated Au electrodes are deposited on top of the cavity to from MSM junction. Fig. 3(a) shows cross sectional scanning electron microscope (SEM) image of the MIS structure and its top view showing the Au electrodes. Al and Si layers are deposited using thermal evaporation with an approximate rate of ∼1A • /sec. Al 2 O 3 layer is formed using atomic layer deposition similar to our previous study [10] .
To minimize the formation of native oxide layer between the Au and a-Si, both layers have been deposited in the same deposition process without breaking the chamber vacuum. Finally, standard photolithography and etching (using Au etchant) processes are conducted on the sample to form inter-digitated electrodes. To characterize the structure, first, the permittivity data of Al and Al 2 O 3 layers are extracted using an elipsometry device [10] . These permittivity data are employed in our simulations. To characterize the photocurrent response of the system, IV characteristic of the structure is measured for dark and 370 nm illuminated light conditions. As we can see from Fig. 3(b) , the photocurrent is about two order of magnitude larger compared to dark one. As seen in this panel, the dark current minimum does not locate in the 0 V bias. This could be due to the existence of electron trapping-de-trapping in metal-semiconductor interface which is Au-Si in our case. As previously explained, in equilibrium condition, electrons are trapped in interface defects. When a negative voltage is applied, the trapped electrons can be detrapped and contribute to the overall current [30] . To have a better qualitative comparison, the photoresponsivity of the photodetector is measured from 300 nm to 500 nm under a bias voltage of V = −1V. The measurement setup was similar to the one used in our previous study [31] . The cavity design exhibits a photoresponsivity of 120 mA/W at λ = 350 nm while it drops to significantly smaller values of 2.5 mA/W for λ = 500 nm, see Fig. 3(c) . Therefore, the structure shows a high responsivity ratio of about 50 for UV and visible lights. These results further confirm our simulations that this cavity acts as a high performance visible blind UV detector. The speed of this UV detector has been also investigated by analyzing its transient response under a bias voltage of −1V for two incident light wavelengths of 370 nm (UV) and 500 nm (Visible), Fig. 3(d) . While the structure shows a weak visible light response, the UV activity of the MIS cavity has relatively short rise and fall times. Taking all of these results into consideration, the proposed subwavelength MIS cavity-based design has high UV detection performance. The proposed cavity has not only application in photodetectors and photovoltaics, but also it can be utilized for emission applications. It is known that reducing the size of a semiconductor nanoparticle down to its exitonic Bohr radius can intensify its emission property [32] , [33] . In the other side, as demonstrated in this letter, the strong lightmatter interaction in a semiconductor based cavity occurs in nanometer scale thicknesses. Therefore, it is envisioned that introduction of a thin layer of semiconductor nanoparticles into this cavity can significantly enhance its emission property. Thus, this strategy can serve as a beacon for design of efficient, ultrathin optoelectronic devices.
III. CONCLUSION
In this letter, we demonstrated a visible blind UV photodetector using a MIS cavity configuration. The proposed configuration shows responsivities of 120 mA/W and 2.5 mA/W in the UV and visible regions, respectively. This work demonstrates the functionality of strong interference in semiconductor based cavity designs to obtain spectrally engineered, ultrathin optical devices.
